Between March 2007 and July 2009, 325 Highly Pathogenic Avian Influenza (HPAI, subtype H5N1) outbreaks in poultry were reported in 154 out of a total of 486 sub-districts in Bangladesh. This study analyzed the temporal and spatial patterns of HPAI H5N1 outbreaks and quantified the relationship between several spatial risk factors and HPAI outbreaks in sub-districts in Bangladesh. We assessed spatial autocorrelation and spatial dependence, and identified clustering sub-districts with disease statistically similar to or dissimilar from their neighbors. Three significant risk factors associated to HPAI H5N1 virus outbreaks were identified; the quadratic log-transformation of human population density [humans per square kilometer, P = 0.01, OR 1.15 (95% CI: 1.03-1.28)], the log-transformation of the total commercial poultry population [number of commercial poultry per sub-district, P < 0.002, OR 1.40 (95% CI: 1.12-1.74)], and the number of roads per sub-district [P = 0.02, OR 1.07 (95% CI: 1.01-1.14)]. The distinct clusters of HPAI outbreaks and risk factors identified could assist the Government of Bangladesh to target surveillance and to concentrate response efforts in areas where disease is likely to occur. Concentrating response efforts may help to combat HPAI more effectively, reducing the environmental viral load and so reducing the number of disease incidents.
Introduction
Since 2003, Highly Pathogenic Avian Influenza (HPAI, H5N1 subtype) virus has spread from China (Guan et al., 2004) to Southeast Asia (MMWR, 2004) , Europe and Africa (Science, 2006) , and HPAI H5N1 outbreaks occurred in over 60 countries (FAO, 2007) . HPAI H5N1 events had significant impacts on poultry production, farmers' livelihoods and human health. It has resulted in over 400 human infections with more than 260 deaths (WHO, 2009 ).
Animal disease reporting and surveillance in Bangladesh is conducted through the governmental public veterinary network that covers all 64 districts and 486 sub-districts of the country. The administrative structure consists of one Chief Veterinary Officer (CVO), six Divisional Veterinary Officers, 64 District Veterinary Officers and 486 Sub-district Veterinary Officers. The Sub-district Veterinary Officers report animal disease and collect animal census data. This data is collated through the chain of command and send to the CVO. Emerging diseases and emergencies (as HPAI) are reported by phone. Since May 2008 there was an active HPAI surveillance network in place in 150 sub-districts, consisting out of 50 full time employed and specifically trained veterinarians and 150 community animal health workers. The surveillance teams report to the Sub-district Veterinary Officers directly and 0167-5877/$ -see front matter © 2010 Elsevier B.V. All rights reserved. doi: 10.1016/j.prevetmed.2010.05.013 through an Short Message Service gateway to the central command (FAO, 2009; Loth et al., 2009) . HPAI H5N1 was first reported in poultry in Bangladesh in March 2007 (OIE, 2009 . Since then the Department of Livestock Services responded to 325 outbreaks in 47 districts in Bangladesh (EMPRES-i, 2009 ). According to the Ministry of Fishery and Livestock (MoFL), out of a total poultry population of 220 million, over 200,000 poultry died and 1.6 million poultry have been culled as part of the disease response and control measures (MoFL, 2009) . One human H5N1 infection has been reported from Bangladesh in 2008, the patient survived (WHO, 2008) .
Previous studies in Hong Kong (Kung et al., 2007) , Thailand (Tiensin et al., 2005) and Vietnam have shown that disease introduction, spread and persistence are associated with poultry trading patterns, poultry densities, poultry production systems, live bird markets (Sims, 2007) and domestic ducks (Gilbert et al., 2006a; Hulse-Post et al., 2005) . In Bangladesh, agricultural and ecological conditions of HPAI H5N1 spread and persistence may somewhat differ from those reported in Thailand and Vietnam as agriculture in Bangladesh is primarily extensive and subsistence, with much lower levels of long-distance trading (Dolberg, 2009 ). Although two epidemiological studies (Biswas et al., 2008 (Biswas et al., , 2009 ) identified farm-level risk factors, spatial risk factors associated with the HPAI H5N1 spread at the national level is unknown. Additionally, epidemiological research needs to include the cluster analysis of disease occurrence and risk factors in specific locations and during specific time periods, which leads to define location-sensitive "hot spots" and timesensitive "hot times" risk maps (Gilbert et al., 2008) . To date, HPAI H5N1 clusters in poultry have been investigated in China (Oyana et al., 2006) , Thailand (Tiensin et al., 2009) and Vietnam (Henning et al., 2009; Minh et al., 2009 ), but not in Bangladesh.
Bangladesh has very limited resources and is one the most densely populated countries in the world with over 140 million citizens. These conditions pose great challenges to develop a HPAI H5N1 control strategy, including early detection, stamping-out and prevention. In those conditions, better understanding of the disease epidemiology allowing a better targeting of the available surveillance and control resources is particularly critical. In this study we investigated temporal and spatial patterns and the relationship between several spatial risk factors and HPAI outbreaks in Bangladesh at sub-district level. Our objective is to understand the relative significance of the different components of this complex epidemiological system. This will provide useful information to the HPAI response programme for policy and intervention measures that aim to interrupt the disease transmission cycle.
Materials and methods

Data
HPAI H5N1 outbreak data were provided by the Department of Livestock Services, Dhaka, Bangladesh. The outbreak data were based on both the national clinical disease reporting system at sub-district level for the entire period and the active disease surveillance program in the 150 high-risk sub-districts (Loth et al., 2009) HPAI H5N1 outbreak data were grouped at sub-district level over the period of March 2007 to July 2009. Subdistricts with one or more HPAI event were classified "positive", sub-districts without HPAI events as "negative". Bangladesh is administratively divided into 6 divisions, 64 districts and 486 sub-districts. The area of sub-district ranges from 4.4 km 2 to 1730 km 2 , with a mean area of 281 km 2 ; Sub-district data were used as the epidemiological unit in this study. Geographical information system (Arc-GIS, version 9.2, ESRI), was used for mapping and visualization of the data.
Spatial and cluster analysis
HPAI events in Bangladesh over the reporting period took place in distinct phases. These phases were separated by periods without any reported events. Three types of analyses were undertaken to examine the spatial clustering of H5N1 outbreaks at a sub-district level (Tiensin et al., 2009) .
First, global (non-specific) Moran's I spatial autocorrelation statistic with a "Queen Contiguity" weight matrix was used to quantify spatial dependence, for each phase in time and for the entire period (Moran, 1950) . Second, we used two methods of cluster detection. Two, because different analytical methods may identify different underlying spatial patterns (Jacquez and Greiling, 2003) . The same cluster sub-districts should be identified with two methods: (a) local spatial autocorrelation analysis was conducted using the GeoDa cluster detection programme to generate Anselin's Local Moran test statistics (GeoDa-0.9.5-i). Local Moran's statistics assess spatial autocorrelation and identify clustering sub-districts with disease statistically similar to or dissimilar from their neighbors on the basis of aggregated data (Anselin, 1995 (Anselin, , 2005 . (b) a spatial scan test by SaTScan, version 7.0.3 (SatScan, 2009) , was used to examine spatial clustering over sub-districts (Kulldorff et al., 1997; Kulldorff and Nagarwalla, 1995) . The (purely spatial, Bernoulli) scan statistic test assessed disease distribution with the use of sub-district centroids and a circular scan for cases (HPAI positive sub-district) and controls (HPAI negative sub-districts) (Kulldorff et al., 1998) . The maximum cluster size was set to 50% of the sub-districts. Third, we estimate the extent of the autocorrelation of the outcome variable, HPAI H5N1 positive or negative sub-districts, using the range of the spatial correlogram (h) (Pebesma, 2004) .
Risk factor analysis
Risk factors considered in this analysis include agricultural production systems relevant to poultry farming and factors identified in earlier studies (Gilbert et al., 2006a; Morris et al., 2005; Pfeiffer et al., 2007; Rushton et al., 2004; VSF, 2004) .
-Human population related transmission:
• The Bangladesh Population Census data of 2001, which recorded the number of people per village, was used (BBS, 2009). Village-level human population data were aggregated to sub-district level, using the sub-districtlevel administration boundary map (Source: (CEGIS, 2009) ). Human population densities at sub-district were calculated based on land areas at sub-district. Human population density is log-normally distributed, and therefore, a log-transformation of human population density was carried out, and used in the models. In addition, a quadratic term for population density was also added to account for possible curvilinear relationship between human population and HPAI risk in poultry. It was assumed that risk of HPAI poultry could be high in peri-urban areas where human population density was intermediate but poultry density was high. Conversely, a lower risk could be assumed in areas with very high human densities (e.g., big cities), and in areas with very low human population density, due to lower poultry densities.
• Poultry markets have been identified as a major risk factor contributing to the spread of HPAI in poultry (Dharmayanti, 2008; Wang et al., 2006) , but no data on market locations in Bangladesh were available. As an alternative, the centers of cities with populations over 150,000 and villages (population size < 150,000) were assumed to be the indicators of market locations. The number of cities and villages in the sub-districts were used for the risk analysis (Source: (CEGIS, 2009)).
• Poultry movement was regarded as a risk factor (Rappole and Hubalek, 2006) . To estimate between subdistricts movements, the number of major (=sealed, two lanes or more) roads and the total length of these major roads in a sub-district were calculated (Source: (CEGIS, 2009)). Minor (sealed and unsealed, single lane) roads were assumed only to be used for within subdistrict movements and not further considered. -Risk factors related to poultry and the amplification of H5N1 virus:
• The Year 2005 poultry dataset was composed of the total number of chickens (backyard, broilers and layers) and ducks (combined backyard and commercial), as well as the numbers of layer and broiler farms per sub-district (BBS, 2009). The densities of backyard, broiler, layer chickens and ducks in a sub-district were calculated based upon the land surface area of that sub-district. Total commercial poultry density was calculated by combining the layer and broiler densities. Duck populations are reported as a major risk factor for HPAI transmission to chickens (Gilbert et al., 2006a) and therefore included in the analysis. Poultry density data has a log-normal distribution, and therefore, a logtransformation of poultry data was carried out and used in the models. -Agricultural and environmental risk factors:
• Free ranging ducks are associated with rice production as they feed on post-harvested rice fields (Gilbert et al., 2007) . Geospatial datasets of paddy rice and cropping intensity (single-, double-and triple-cropping in a year) at 500-m spatial resolution, derived from analysis of time-series satellite images from Moderate Resolution Imaging Spectroradiometer (MODIS, 2010) onboard the NASA Terra satellite in 2005, were used. (Gilbert et al., 2008; Xiao et al., 2005 Xiao et al., , 2006 .
In this study we used a similar approach as reported in previous studies in Thailand (Gilbert et al., 2006a) , Vietnam (Gilbert et al., 2008) and Indonesia (Pfeiffer, 2006) . The analysis was conducted with HPAI H5N1 positive or negative sub-districts as binary outcome. Odds ratios were estimated using multivariable logistic regression analyses, where variables with P ≤ 0.1 from the univariate analyses were included (18 variable and 8 transformations, Table 1 ) in the initial logistic model. A backward stepwise variable-selection strategy was used to construct a final model with a significance level of P < 0.05. Once all variables in the model were significant, the negativity or positivity of their association was checked and verified that the sign was identical to the sign in a bivariate relationship. This is done to ensure that significant relationships were not resulting from co-linearity between variables (Gupta, 2003) . Spatial autocorrelation in the model was accounted for by applying an autologistic approach (Augustin et al., 1996) , The extent of the autocorrelation [the range of the spatial correlogram (h), as discussed under "Spatial and Cluster Analysis (Pebesma, 2004 )"] was used to derive an autoregressive term that was added as predictor in the logistic model. The model fit was assessed with the Hosmer-Lemeshow test (Hosmer and Lemeshow, 2000) . The performance of the model was assessed by determining the area under the curve (AUC) of the receiver operating characteristics (ROC) plots. AUC is a quantitative measure of the overall fit of the model that varies from 0.5 (chance event) to 1.0 (perfect fit) (Greiner et al., 2000) .
Results
Disease mapping and cluster analysis
Over the period from March 2007 to July 2009, 325 HPAI outbreaks were reported in 154 out of a total of 486 sub-districts in Bangladesh. The weekly epidemic curve of H5N1 outbreaks from March 2007 through July 2009 and a curve of the total number of sub-districts with HPAI outbreaks by week show the changes in spatial extent of disease outbreaks (Fig. 1) . The number of HPAI outbreaks and the number of sub-districts with outbreaks per week is similar; almost every new HPAI outbreak occurred in a different sub-district. Fig. 1 also illustrated clearly the epidemic occurring in three distinct phases. The first phase The spatial extent of HPAI events over the abovementioned three phases is shown in Fig. 3 . HPAI H5N1 outbreaks occurred in 29 sub-districts in Phase I, 129 subdistricts in Phase II and 30 sub-districts in Phase III. Eight sub-districts had H5N1 outbreaks throughout the three phases, 18 sub-districts had H5N1 outbreaks in both Phase I and II and 17 sub-districts had outbreaks in both Phase II and III.
Moran's I statistics investigated non-specific spatial autocorrelation and found spatial aggregation of the negative and positive sub-districts for the entire period and for every time phases (P < 0.01) ( Table 2 ). Both non-focused cluster analysis techniques revealed overlapping clusters of high risk HPAI areas in Phase I, Phase II and the entire period. No significant clusters were found in Phase III by either Anselin's Local Moran test statistics or SatScan. The spatial location of three significant clusters, calculated with SatScan, for the entire period, is shown in Fig. 4 . All three clusters identified areas with a high HPAI relative risk (RR) (Central: RR 2.4, 95% CI 2.3-2.5; North-West: RR 1.9, 95% CI 1.7-2.2; South-East RR 2.0, 95% CI 1.1-3.0, Table 3 ).
Risk factors
The semivariogram of HPAI presence/absence data showed autocorrelation at distances <78.9 km, which was set as the maximum distance of the autoregressive term (Fig. 2) . The significant variables (risk factors) identified by the autologistic regression models were the quadratic logtransformation of human population density [humans per square kilometer, P = 0.01, OR 1.15 (95% CI: 1.03-1.28)], the log-transformation of the total commercial poultry population [number of commercial poultry per sub-district, P < 0.002, OR 1.40 (95% CI: 1.12-1.74)], and the number of roads per sub-district [P = 0.02, OR 1.07 (95% CI: 1.01-1.14)] (Table 4) The autoregressive term was highly significant (P < 0.000001), which again confirmed the spatial autocorrelation in the data. The Hosmer and Lemeshow goodness-of-fit Chi-squared test of the model was 5.87 (P = 0.66). The ROC curve assessed the predictive power of the model; and the AUC was 0.75 (95% Confidence Interval 0.70-0.78). The autologistic regression model's prediction of the probability of HPAI positive sub-districts is shown in Fig. 5 . The model predicts that HPAI is more likely to occur on a broad diagonal line from the Northwest to the Southeast.
Discussion
The distinct three phases of HPAI outbreaks in Bangladesh was difficult to explain (Fig. 1) . More HPAI was reported in the cool (average daily temperature of 15-20 • C) and dry winter months (December-March), while no disease was reported during the hot (average daily temperature of 30 • C) and wet summer season [June-August (Islam, 2009)] . It has been suggested that the H5N1 virus was introduced in Bangladesh by migratory birds (Biswas et al., 2009) . Analyses of molecular DNA sequence data from 27 virus isolates collected in early 2007 (n = 10), mid 2008 (n = 10) and early 2009 (n = 7) showed that all virus isolates belonged to sub-Clade 2.2 with little difference (<5%) in genetic makeup (Genbank, 2002) . This suggests that of the same HPAI H5N1 virus strains of Phase I re-emerged in Bangladesh at the start of Phase II and III. The virus possibly goes undetected between the phases, circulating in backyard chickens, ducks, wildlife or migratory birds.
The quality of the data used in this study may have some limitations. First of all; if no HPAI outbreaks were detected during certain periods, this may indicate that the surveillance programme is not sensitive and fails to detect HPAI in chickens based on clinical symptoms or the disease goes undetected in ducks as no diagnostic surveillance is conducted. Further, the detection of HPAI in certain areas may be caused by surveillance bias. Secondly; the animal census data used in this analysis (BBS, 2009 ) is the data collected in 2005 and was not accurate anymore in 2009. Thirdly; the centers of major cities and villages were assumed to be the indicators of market locations. This may have been far from accurate and could have resulted in erroneous results for the risk factor "Presence of Markets".
The national-wide spatial distribution of detected HPAI outbreaks was evident. Fig. 1 showed that almost all weekly cumulated HPAI outbreaks occurred in different sub-districts. Spatial distribution of outbreaks during the three phases showed large extent of outbreaks for each phase. During the Phase I, HPAI events occurred west of a Northwest-Southeast diagonal line. During the Phase II, HPAI events occurred almost everywhere, except in the Deep South. The 38 HPAI events during the Phase III included areas where previously no disease was detected. Cox's Bazar, the nation's most southerly town incurred HPAI in May 2009. All this suggests that HPAI is endemic in Bangladesh, with the virus circulating in unknown animal populations.
The clusters identified by both cluster detection methods indicated that the disease was more likely to be detected in geographical areas surrounding or bordering large cities; in the middle Dhaka and in the Southeast Chittagong. This is largely attributed to the fact that most commercial poultry is reared close to large human populations. After numerous incidents of HPAI in the first half of 2008 (Phase II, number of HPAI events = 233) the Government of Bangladesh revised the disease control strategy. Surveillance was improved by conducting active surveillance in 150 sub-districts with 450 Community Animal Health workers and 50 veterinary surgeons (Loth et al., 2009 ) assigned fulltime to door-to-door surveillance. Stamping-out was conducted immediately after an Avian Influenza A positive test (on the farm or within 24 h at the local laboratory), instead of awaiting confirmation of a H5 PCR test in the only HPAI reference laboratory, which could take several days. Far less outbreaks were reported in Phase III (n = 38) and no more significant local clusters were found during Phase III, which possibly indicates that control measures (early detection and timely stamping-out of disease) were effective, resulting in less local spread of disease. Although far less numbers of HPAI outbreaks were reported in Phase III, the extensive spatial spread of HPAI events was worrisome.
In Bangladesh, HPAI outbreaks have been mainly reported in commercial layer flocks (242 out of 325, unpublished data; Department of Livestock Services). Layer flock are particular susceptible to HPAI infections due to frequent movements on and off the farms. Possible contaminated transport vehicles return dirty egg-trays back to the farms, increasing the chance of disease spread (Biswas et al., 2008; Thomas et al., 2005) . Increased movement over longer distances may increase the disease spread even further (Rivas et al., 2007) . This may explain why "roads" was a significant risk factor.
In previous studies in Thailand and Vietnam (Gilbert et al., 2006a (Gilbert et al., , 2008 , domestic free-grazing ducks had been identified as a major risk factor, but not in this study. Two possible explanations: Firstly; the duck numbers used in the model may not have been accurate. Or, secondly; the difference in duck trading intensity between Bangladesh and other Southeast Asia countries (Songserm et al., 2006) . In Bangladesh ducks are mainly kept for egg production in small numbers in backyards, and very few commercial duck (meat or layer) farms exist compared to Thailand and Vietnam where they were identified as a key risk factor. Wildlife and migratory birds have been identified as risk factors for the spread of HPAI (Gilbert et al., 2006b; Jourdain et al., 2007; Zhang et al., 2007) . Neither migratory bird nor wildlife surveillance has been conducted in Bangladesh to date. Data on wildlife and migratory birds was not available and was not included in the analysis. Additional research on the roles of wildlife, migratory birds and ducks in the epidemiology of HPAI H5N1 in Bangladesh is urgently needed.
Conclusions
Since 2007, HPAI H5N1 outbreaks in Bangladesh occurred in three distinct temporal phases with most outbreaks reported in the first trimester of the year. Spatial analysis showed that the disease was widespread with three significant circular clusters of HPAI H5N1 hotspots located near large cities. The three risk factors identified and modelled could predict with 75% accuracy the presence of HPAI outbreaks per sub-district. These findings, together with the cluster analysis, can be used to identify high risk areas and assist targeted risk-based surveillance in those areas. Further improved data collection and analysis would likely lead to improving our understanding of ecology and epidemiology of HPAI H5N1 in Bangladesh.
